Despite advances in the treatment of schizophrenia spectrum disorders with atypical antipsychotics (AAPs), there is still need for compounds with improved efficacy/side-effect ratios. Evidence from challenge studies suggests that the assessment of gating functions in humans and rodents with naturally low-gating levels might be a useful model to screen for novel compounds with antipsychotic properties. To further evaluate and extend this translational approach, three AAPs were examined. Compounds without antipsychotic properties served as negative control treatments. In a placebo-controlled, within-subject design, healthy males received either single doses of aripiprazole and risperidone (n ¼ 28), amisulpride and lorazepam (n ¼ 30), or modafinil and valproate (n ¼ 30), and placebo. Prepulse inhibiton (PPI) and P50 suppression were assessed. Clinically associated symptoms were evaluated using the SCL-90-R. Aripiprazole, risperidone, and amisulpride increased P50 suppression in low P50 gaters. Lorazepam, modafinil, and valproate did not influence P50 suppression in low gaters. Furthermore, low P50 gaters scored significantly higher on the SCL-90-R than high P50 gaters. Aripiprazole increased PPI in low PPI gaters, whereas modafinil and lorazepam attenuated PPI in both groups. Risperidone, amisulpride, and valproate did not influence PPI. P50 suppression in low gaters appears to be an antipsychotic-sensitive neurophysiologic marker. This conclusion is supported by the association of low P50 suppression and higher clinically associated scores. Furthermore, PPI might be sensitive for atypical mechanisms of antipsychotic medication. The translational model investigating differential effects of AAPs on gating in healthy subjects with naturally low gating can be beneficial for phase II/III development plans by providing additional information for critical decision making.
INTRODUCTION
Antipsychotic medication remains the first-line treatment of psychiatric disorders such as schizophrenia and bipolar mania (Moritz et al, 2013) . Despite the reported advantage of second-generation (atypical) antipsychotics (AAPs) over the first-generation (typical) antipsychotics in terms of higher efficacy and better tolerability (Barnes and McPhillips, 1999; Breier et al, 1994; Kane et al, 1988) , only moderate symptom reduction (Leucht et al, 2009 ) and distressing side effects (eg, neurologic, metabolic, emotional) may decrease the quality of life for patients and increase the problem of noncompliance (Moritz et al, 2013; Schimmelmann et al, 2005) . Therefore, unmet medical needs for the treatment of schizophrenia spectrum disorders exist and novel neuropsychopharmacologic treatment strategies with improved efficacy/side-effect ratios are needed (Breier, 2005; Leucht et al, 2009 ). However, drug development has become more and more challenging. Although the number of new CNS drug applications has decreased, development cost for new molecular entities has increased dramatically. Less than 10% of the compounds that entered phase I studies were introduced to the market (Breier, 2005; Hurko and Ryan, 2005) .
In recent years, considerable efforts have been made to develop translational strategies to bridge the gap between preclinical and clinical studies for the efficient development of novel antipsychotics (Geyer et al, 2001; Swerdlow et al, 2006b) . Models based on neurophysiologic markers that can be translated to normal human populations would offer the potential to facilitate antipsychotic development at an early stage in the clinical development cycle and save resources and time (Swerdlow et al, 2006b) . Prepulse inhibition (PPI) of the acoustic startle reflex (ASR) and the suppression of the P50 auditory evoked event-related potential in a condition test paradigm (P50 suppression) have been identified as such translational neurophysiologic markers associated with schizophrenia, and may be predictive for the antipsychotic effects of pharmacological treatments. It has repeatedly been shown that patients suffering from schizophrenia spectrum disorders show a deficiency in these measures of early information processing; that is, more precisely, the ability to gate extraneous stimuli (Braff et al, 1992; Clementz et al, 1998; Csomor et al, 2009) .
Preclinical studies showed that AAPs like clozapine, risperidone, olanzapine, aripiprazole, or quietapine improved PPI in naturally low-gating (C57BL/6J or DBA/2) mice or rats, whereas a number of psychoactive compounds without antipsychotic properties (eg, buspirone, desipramine, morphine, and scopolamine) did not improve PPI, except diazepam (Flood et al, 2007; Ouagazzal et al, 2001; Swerdlow et al, 2006b) . Furthermore, clozapine and olanzapine but not the typical antipsychotic haloperidol improved N40 suppression-the rodent analog to P50 suppression-in DBA/2 mice (Simosky et al, 2003 (Simosky et al, , 2008 .
Similarly, healthy human subjects with a 'low-gating trait' may be viewed as a potential surrogate marker for impaired gating as reported in different clinical populations (Csomor et al, 2008a; Swerdlow et al, 2006b; Vollenweider et al, 2006) . Therefore, to help bridge the gap between preclinical and clinical studies, we and others demonstrated that the atypical antipsychotics clozapine (Vollenweider et al, 2006) , sertindole (Holstein et al, 2011) , and quetiapine (Swerdlow et al, 2006b ), but not the typical antipsychotic haloperidol (Csomor et al, 2008a) , have the capacity to increase PPI in healthy subjects with low sensorimotor gating levels. These findings strongly suggest that antipsychotics modulate sensorimotor gating over a large (notably physiological) range in normal subjects and not simply the disruption by pathophysiologcal states (Swerdlow et al, 2006b) .
In the present study, the putative progating effects of three AAPs, aripiprazole, risperidone, and amisulpride, on PPI and P50 suppression were tested in healthy subjects exhibiting either low-or high-gating traits. Please see Miyamoto et al (2005) for a detailed review of the pharmacology and mechanisms of action of these AAPs. Moreover, the anxiolytic lorazepam, the psychostimulant modafinil, and the anticonvulsant valproate, all of which fail to exhibit antipsychotic properties in the narrow sense, served as negative control treatments. For further information on these compounds, please refer to Ballon and Feifel (2006) , Loscher (2002) , and Altamura et al (2013) . Furthermore, to investigate the potential relationship between clinically associated psychological traits and symptoms and differences in gating, the participants completed the Hopkins Symptom Checklist (SCL-90-R) (Franke, 1995) .
We hypothesized that the administration of a single dose of the antipsychotics, but not the negative control treatments will improve sensory and/or sensorimotor gating in healthy subjects exhibiting naturally low PPI and/or P50-suppression levels. This study shall help to further elucidate whether antipsychotic effects on gating functions in lowgating normal humans might be a useful model to predict clinical efficacy of novel compounds for the treatment of schizophrenia spectrum disorders.
MATERIALS AND METHODS

Participants
A total of 88 healthy male volunteers were recruited by advertisement. As it has been shown that gating is influenced by the menstrual cycle in women (Swerdlow et al, 1997) , only male participants were included. The study was approved by the Cantonal Ethics Committee of Zurich and Swissmedic (Swiss Agency for Therapeutic Products). All subjects provided written informed consent. All participants were without a history of mental (according to DSM-IV (American Psychiatric Association, 1994), axis I and II) or neurological disorders, and were free of any medication for at least 3 weeks before the experiment. For further details see Supplementary Methods 1.
Experimental Design
Three independent experiments adopting a double-blind, placebo-controlled, within-subject design were conducted. All participants completed a placebo testing (maltose), whereas 28 subjects participated in the experimental procedure receiving aripiprazole (15 mg) and risperidone (2 mg) (cohort 1), 30 subjects underwent treatment with amisulpride (400 mg) and lorazepam (2 mg) (cohort 2), and 30 volunteers participated in the experiment with modafinil (200 mg) and valproate (500 mg) (cohort 3). Participants received the substances orally in a balanced and random sequence on three experimental days 10 to 20 days apart. Subjects participating in one of the experimental series were not allowed in any of the two other series. Aripiprazole (Abilify), risperidone (Risperdal), amisulpride (Solian), lorazepam (Temesta), modafinil (Modasomil), and valproate (Convulex) were obtained from the respective marketing authorization holders in Switzerland. Selection criteria for negative control compounds were: (1) absence of an antipsychotic effect, (2) no application in schizophrenia treatment, (3) psychoactive effect, and (4) no previous knowledge of the influence on gating to not introduce a bias. On each of the three experimental days, participants received active drug or placebo after a short assessment of electrocardiogram, oxygen saturation, and blood pressure. Shortly before the onset of peak drug effect (aripiprazole: 115 min; risperidone: 70 min; amisulpride: 45 min; lorazepam: 100 min; modafinil: 120 min; and valproate 120 min) the subject was prepared for the electrophysiological recordings that took 45 min. It should be noted that the study nurse was not blind to the medication as different time until onset of peak drug effect for the different medications had to be preserved. However, the subject, the experimenter, and the data analyst were blind to the treatment condition. The assessment of P50 suppression and PPI were conducted in two experiments that were separated by a 5-min break. P50 suppression was assessed first.
P50 Suppression and PPI Session Definition
The P50 suppression test session was composed of 80 pairs of auditory clicks with a 500 ms interclick interval presented every 10 s (first click stimulus: S1; second click stimulus: S2). Stimuli consisted of 85 dB A white noise with a duration of 1 ms. The P50 suppression session lasted for B15 min.
The PPI test session was composed of a mixture of 40 pulse-alone, prepulse-pulse trials, and trials in which no discrete stimulus other than the constant background noise was presented ('NS trials'). For details see Supplementary Methods 2.
Apparatus, Data Recording, and Data Processing Electromyographic (EMG) (PPI paradigm) and electroencephalographic (EEG) (P50 suppression paradigm) data were recorded and processed as described in detail previously (Csomor et al, 2008a; Csomor et al, 2008b) . Analyzer (Brainvision, Germany) was used to preprocess the recorded data. For the P50 suppression paradigm, the P50 component of the AEP was identified and scored as described by Nagamoto et al (1989) . For further details see Supplementary Methods 3. For the PPI paradigm, the EMG record of each trial was separately scored using emgBLINK version 1.3 (CST, Switzerland) and further processed as described in Supplementary Methods 4.
Assessed Parameters
For the P50 suppression paradigm, the following ERP measures were examined: P50 amplitudes: P50 amplitude evoked by S1 and S2; and P50 suppression: percentage P50 suppression (%P50sup) was calculated by the formula: (1 À (amplitude s2 )/(amplitude s1 )) Â 100%.
For the PPI paradigm the following startle measures were analyzed. Startle reactivity: the mean magnitude of the startle reaction elicited by pulse-alone stimuli. Prepulse Inhibition: percentage PPI (%PPI) was calculated for each SOA according to the formula: (1 À (amplitude prepulse-pulse )/ (amplitude pulse-alone (block2) ) ) Â 100%. Habituation: percentage habituation was calculated as the reduction in startle magnitude between the second block and following block of PA trials to avoid sensitization effects: %Habituation ¼ 100 Â (block 2 À block 3)/block 2.
Statistical Analysis
As a reliable startle reaction elicited by pulse-alone stimuli is a prerequisite for a meaningful calculation of PPI, only data sets in which a reliable startle reaction was elicited (mean pulse-alone reactivity 410 mV in the second block of the PPI session) were included in the analysis of PPI. Similarly, only P50 data sets showing a distinct AEP and a clearly identifiable P50 component elicited by S1 were included in the statistical analysis of P50 suppression. The number of valid data sets for each condition can be extracted from Table 1 and Supplementary Methods 5.
All statistical analyses were conducted using the statistical software packages R (http://www.r-project.org/) and Statistica 7 (Statasoft, Tulsa, OK). To test whether the different medications exhibited differential effects on subjects with low-or high-gating measures after placebo, subjects were grouped by a median-split procedure into low-and high-gating subgroups. The splitting procedure was conducted separately for each of the three study cohorts. For the PPI paradigm, this median split was based on the results of %PPI of the SOA60ms lead interval in the placebo condition (median PPI cohort 1 ¼ 54.46%; median PPI cohort 2 ¼ 58.34%; median PPI cohort 3 ¼ 62.90%) as a majority of studies show that schizophrenia patients exhibit a deficiency in PPI under this stimulus condition (Csomor et al, 2009; Swerdlow et al, 2006a; Wang et al, 2013) . Similarly, for the P50 suppression paradigm, the median split was applied using the scores at %P50sup in the placebo condition (median P50 cohort 1 ¼ 51.85%; median P50 cohort 2 ¼ 56.18%, median P50 cohort 3 ¼ 63.60%). Assessed parameters were compared between the active drug and placebo for the six different treatment conditions (aripiprazole, risperidone, amisulpride, lorazepam, modafinil, and valproate). For details on data distribution and homogeneity see Supplementary Methods 6.
To investigate the influence of treatments on electrophysiological indices in the low-and high-gating cohorts, linear mixed-effects models were fitted for each of the six treatment conditions and for each dependent variable (%P50sup, P50 amplitudes, %PPI, and PPI amplitudes). In all models, repeated measurements were accounted for by including random intercepts for the subjects. In cases of heteroscedastic within-group errors, the models were allowed to estimate separate variances for each group. Akaike's information criterion (AIC) values were used to decide on appropriate variance models of the within-group errors and correlation structures of random effects in model specifications. Significant main effects and interactions were followed by Bonferroni-corrected pairwise comparisons. If data were not normally distributed (P Shapiro-Wilk W o0.05), nonparametric Wilcoxon matched-pairs tests were calculated in addition to contrast tests. For all statistical tests, the significance level was set to po0.05 (two tailed).
For the analysis of P50 suppression data, the withinsubject factor 'drug' (placebo vs active drug) and the between-subject factor 'subgroup' (low vs high gating) as well as their interaction were included in the models as fixed effects factors. The models predicting P50 amplitudes additionally included the within-subject factors 'stimulus' (S1 and S2) and all possible interactions between the factors as fixed effects terms. To test whether the divergence in %P50sup between the low and the high subgroups was based on differences in amplitudes elicited by S1 or S2, and to link changes in gating to modulation of a specific P50 amplitude (S1 or S2 elicited), pairwise comparisons were carried out.
Analysis of the %PPI values was performed with 'SOA' (30, 60, and 120 ms) and 'drug' as within-subject and 'subgroup' as between-subject factor. Startle amplitudes were subjected to the linear mixed model with 'block' (1 to 3) and 'drug' as within-subject factors and 'subgroup' as between-subject factor.
SCL-90-R data were analyzed by multivariate analyses of variance (MANOVA) with 'subgroup' as between-subject factor and SCL-90-R scales as within-subject factor. Pearson's product-moment correlations were calculated to relate placebo gating measures to the SCL-90-R global severity index (GSI).
RESULTS
Demographic Characteristics
Demographic characteristics are summarized in Table 1 for low and high P50 and PPI gating subgroups in the three study cohorts. The low-and high-gating subgroups did not differ in age, body mass index (BMI), IQ, or smoking behavior, with the exception of the low PPI gating group having a higher mean verbal IQ than high PPI gating group in study cohort 2.
P50 Suppression Paradigm
Antipsychotics (aripiprazole, risperidone, amisulpride). As forced by the splitting of the groups into low and high P50 gating subgroups, analysis of %P50sup revealed significant main effects of 'subgroup' (treatments: aripiprazole vs placebo: F(1, 26) ¼ 21.41, po0.0005; risperidone vs placebo: F(1, 26) ¼ 16.30, po0.0005, amisulpride vs placebo: F(1, 27) ¼ 29.82, po0.0001). Furthermore, the interaction between 'drug' and 'subgroup' attained significance in all three study cohorts (aripiprazole vs placebo F(1, 25) ¼ 9.08, po0.01; risperidone vs placebo: F(1, 24) ¼ 13.47, po0.005, amisulpride vs placebo: F(1, 26) ¼ 5.38, po0.05)). Pairwise comparisons revealed that all AAPs significantly increased %P50sup in the low subgroups (all po0.05), whereas no significant differences between active drug and placebo were found in the high subgroups (Figure 1a-c) . These results indicate that antipsychotic medication can increase P50 gating in low-gating subjects, whereas it has no significant influence on the high-gating group.
Negative control treatments (lorazepam, modafinil, valproate). As expected, the low and high P50 subgroups differed significantly in %P50sup as indicated by significant main effects of 'subgroup' (lorazepam vs placebo: F(1, 27) ¼ 17.01, po0.0005; modafinil vs placebo: F(1, 28) ¼ 28.96, po0.001; valproate vs placebo: F(1, 28) ¼ 23.03, po0.001). Main effect for the factor 'drug' was significant for treatment with lorazepam (F(1, 22) ¼ 4.74; po0.05) and modafinil (F(1, 26) ¼ 5.32; po0.03), but not for valproate, indicating a reduction of %P50sup with lorazpam and modafinil treatment independently of the subgroups. Furthermore, there was a significant interaction between the two factors (drug, subgroup) in the analysis with valproate (F(1, 26) ¼ 45.54; po0.05). However, pairwise comparisons did not reveal significant differences between placebo and valproate in either subgroup (Figure 1d-f) .).
Data were not normally distributed in the following subgroups and treatment conditions: modafinil, high-gating subgroup; valproate, high-gating subgroup. Wilcoxon matched-pairs tests revealed a significant reduction in P50 suppression in the modafinil condition compared with placebo in the high-gating subgroup (modafinil vs placebo: Z ¼ 2.23, po0.03). The analysis for valproate did not reveal significant results.
Results for the analysis of P50 amplitudes are described in detail in the Supplementary Results 1 and Table 2 . In short, the three AAPs, aripiprazole, risperidone, and amisulpride, increased %P50sup in the low-gating subgroup by an attenuation of S2-elicited P50 amplitude, rather than by changes in S1-elicited P50 amplitude. In contrast, the negative control treatments reduced P50 suppression by an enhancement of S2-elicited P50 amplitude (modafinil) or a reduction of S1-elicited amplitude (lorazepam). .0001) were significant in all three treatment conditions. There was a significant main effect of the factor 'drug' for lorazepam (F(1, 125) ¼ 6.54, po0.05) and modafinil (F(1, 132) ¼ 4.69, po0.05) indicating a reduction of %PPI upon these treatments (Figure 2d and f) . None of the possible interactions between the factors attained significance. No significant effects were obtained for startle habituation (Table 2 ; all p40.05).
Prepulse Inhibition Paradigm
Taken together, the antipsychotic aripiprazole increased %PPI in subjects with low levels of sensorimotor gating and reduced %PPI in the high-gating subgroup. Furthermore, lorazepam and modafinil reduced %PPI independently of subgroups.
Data were not normally distributed in the following subgroups and treatment conditions: risperidone, SOA 60, low-gating subgroup; risperidone, SOA 120, low-gating subgroup; risperidone, SOA 120, high-gating subgroup; amisulpride, SOA 120, high-gating subgroup; lorazepam, SOA 120, low-gating subgroup; modafinil, SOA 120, highgating subgroup; valproate, SOA 60, low-gating subgroup. Wilcoxon matched-pairs tests did not reveal any significant differences between active drug and placebo (all p40.05).
Results for the analysis of startle amplitudes are described in detail in the Supplementary Results 2 and Table 2 . In short, risperidone and lorazepam reduced startle reactivity, whereas valproate increased startle reactivity independently of the subgroup. Aripiprazole increased startle reactivity in the low-gating subgroup and decreased startle reactivity in the high-gating subgroup.
SCL-90-R
Low (n ¼ 44) and high (n ¼ 44) P50 gating subgroups differed significantly in the SCL-90-R GSI (F(1, 87) ¼ 21.16, po0.001) and in each of the nine symptom scales (all po0.03), with low P50 gaters reporting more pronounced clinically associated ratings than high P50 gaters (Figure 3) . SCL-90-R GSI score also differed significantly between lowand high-gating subgroups when cohorts were analyzed separately (all po0.03). SCL-90-R GSI was significantly correlated with placebo %P50sup (r ¼ À 0.45, po0.001).
For low (n ¼ 44) and high (n ¼ 44) PPI gating subgroups, no differences were found in any of the SCL-90-R subscales or the GSI (all p40.35). Furthermore, SCL-90-R GSI was not significantly correlated with placebo %meanPPI (r ¼ 0.12, p40.28).
DISCUSSION
The present study demonstrates first that a single dose of the antipsychotic aripiprazole, risperidone, and amisulpride increased P50 gating in low-gating healthy volunteers, whereas the negative control treatments with lorazepam, modafinil, and valproate did not increase low levels of P50 suppression. Furthermore, low P50 gaters scored significantly higher than high P50 gaters on the SCL-90-R global and all subscale scores measuring psychological traits and symptoms of psychopathology. Second, the atypical antipsychotic aripiprazole significantly increased sensorimotor gating in low PPI gaters.
P50 Supression
The increase of P50 gating in low-gating healthy subjects by the three antipsychotics used in this study is in line with a previous study reporting that atypical sertindole increased P50 suppression in low-gating healthy human subjects (Holstein et al, 2011) . Similarly, studies in rodents revealed increased N40 suppression in low-gating DBA/2 mice acutely treated with the atypical clozapine and olanzapine (Simosky et al, 2003 (Simosky et al, , 2008 . Also, in accordance with the present P50 increasing effects of the DA-2/3 antagonist amisulpride is the finding that the typical antipsychotic haloperidol acutely augmented P50 suppression in lowgating subjects (Csomor et al, 2008a) . The increase of P50 suppression in the low-gating group was because of reduction in S2-elicited amplitudes in the antipsychotic treatment conditions, suggesting that the ability to inhibit the response to the second stimulus was improved and gating was therefore increased. A similar increase of P50 gating was repeatedly shown in drug-naive first-episode and chronically ill schizophrenia patients after long-term treatment with AAPs (Devrim-Ucok et al, 2008; Light et al, 2000; Nagamoto et al, 1999; Oranje et al, 2013) . However, Hong et al (2009) did not find a normalization of P50 suppression after 6 weeks of treatment with risperidone or clozapine in first-episode schizophrenia patients. The discrepancy between these findings might be because of differences in symptomatology, course of the illness, or methodological differences in P50 recording. In contrast to the increase of sensory gating in the low P50 gating subgroups observed in this study, P50 suppression in highgating healthy subjects was not significantly affected by any of the antipsychotic treatments. In line with Holstein et al (2011) , we rather found a tendency for reduced sensory gating in subjects with high P50 gating during antipsychotic treatment (see Figure 1) .
The three psychoactive control substances without antipsychotic properties used here did not increase P50 gating in either the high-or low-gating subgroup. However, although valproate had no influence on P50 suppression, both lorazepam and modafinil reduced P50 suppression independently of the subgroup. Taken together, the present results strongly suggest that compounds with antipsychotic properties can be distinguished from nonantipsychotics by their effect on P50 gating in naturally low-gating healthy subjects.
Prepulse Inhibition
Treatment with aripiprazole resulted in a PPI increase in subjects with low levels of sensorimotor gating, whereas risperidone and amisulpride did not show the expected PPI-increasing effect. The present results (with aripiprazole and amisulpiride) confirm and extend previous findings demonstrating that the atypical antipsychotics sertindole, clozapine, and quetiapine (Holstein et al, 2011; Swerdlow et al, 2006b; Vollenweider et al, 2006) , but not the typical antipsychotic haloperidol (Csomor et al, 2008a) , have the capacity to increase PPI in subjects with low gating. Considering the receptor profile of the antipsychotics tested in this study, the high and selective affinity of amisulpride for dopamine D2/3 receptors is unlike other atypicals such as aripiprazole and clozapine that are multireceptor acting agents (Natesan et al, 2008) . The receptor profile of amisulpride is rather similar to typical antipsychotics such as haloperidol or chlorpromazine (D2 receptor antagonists) that were found to have no effect on PPI in healthy volunteers in a number of studies (Abduljawad et al, 1999; Barrett et al, 2004; Csomor et al, 2008a) . Therefore, PPI in low gaters seems to be particularly sensitive for atypical multireceptor mechanisms of antipsychotic compounds. This assumption is supported by previous studies reporting the significance of multiple transmitter systems in the modulation of PPI (Quednow et al, 2008 (Quednow et al, , 2009 .
Based on its multireceptor profile, risperidone has been classified as an atypical antipsychotic. Therefore, it is somewhat surprising that risperidone did not increase PPI in subjects with low PPI traits. Nevertheless, the lack of PPIincreasing effects of risperidone and amisulpride in the present study accords with the finding of Barrett et al (2004) who reported that neither risperidone nor amisulpride influenced PPI in healthy subjects. However, as subjects in this latter study were not stratified for low vs high gating, the comparability of these results with the present findings is limited because potential differential effects on low and high gaters might have been masked. Our results are in line with a previous study reporting that PPI was increased in Table 2 Startle and P50 Amplitudes, and Habituation of Low-and High-Gating Groups Receiving Treatment with Placebo and Active Drug 19.78 (39.61) 10.64 (57.19) 19.22 (32.19) 48.15 (17.55) 22.01 (40.60) 16.20 (42.87) 22.65 (45.58) 18.11 (35.71) 13.46 (54.71) 3.63 (33.03) 37.14 (43.10) 31.84 (36.39) 29.87 (28.58) 12.31 (27.97) 12.44 (30.12) 11.90 (27.90) 28.41 (24.62) 8.54 (23. naturally low-gating Wistar rats by some antipsychotic drugs (clozapine, olanzapine, and sertindole) but not by others (risperidone, remoxipride, and haloperidol) (Depoortere et al, 1997) . Taken together, although low P50 gating seems to represent a model sensitive for compounds with antipsychotic properties in general, low PPI gating might rather capture atypical mechanisms of antipsychotic medication. Future studies are necessary to obtain a clearcut picture, as atypical antipsychotics involve complex receptor profiles that might differentially influence PPI capacity.
The analysis of startle amplitude revealed that startle reactivity was influenced by aripiprazole. As startle reactivity serves as the denominator when calculating PPI, startle reactivity can influence PPI. However, as higher startle reactivity is mathematically associated with lower %PPI and vice versa (Csomor et al, 2008b) , and startle reactivity was rather increased in the low-gating and decreased in the high-gating subgroup treated with aripiprazole, it is unlikely that the PPI increase in the low-gating subgroup can be attributed to changes in startle reactivity. This conclusion is supported by obtaining the same results when introducing the difference in startle amplitude between placebo and active drug as a covariate in the analysis. Furthermore, it has to be noted that %PPI of the low-gating subgroup in the placebo condition was substantially higher in the current study than in the previous investigations with clozapine and quetiapine (mean SOA 60 ¼ 3.3% (Vollenweider et al, 2006) ; %PPI cutoff o16% (Swerdlow et al, 2006b) ). More stringent inclusion criteria for the low-gating PPI subgroup might be necessary to evaluate the effects of antipsychotic treatment on PPI in healthy human subjects in future studies.
Furthermore, PPI-increasing effects obtained with quetiapine were most prominent at very short SOA conditions (20 and 30 ms) (Swerdlow et al, 2006b ) that were only partially assessed in this study. No significant effects were obtained for %habituation, indicating that acute treatment did not influence startle habituation.
In the high-gating subgroup, aripiprazole reduced PPI gating, whereas risperidone and amisulpride had no significant influence on PPI. The reduction of PPI in the high-gating subgroup treated with aripiprazole is in line with previous studies reporting at least a trend for a PPI reduction in relatively high gaters treated with AAPs, a finding that might be explained by an inverted U-shaped dose response (Csomor et al, 2008a; Holstein et al, 2011) .
Negative control treatments, as hypothesized, did not increase PPI. Although valproate did not affect PPI, lorazepam and modafinil even reduced PPI independently of subgroups. The reduction of PPI caused by modafinil is in line with recent results obtained in mice (Kwek and van den Buuse, 2013) . However, valproate has been shown to increase PPI at high doses in low-gating mice (Flood et al, 2009) . In general, more research is necessary to be able to clearly differentiate the effects of antipsychotic and nonantipsychotic medication on PPI in low-and highgating human subjects.
SCL-90-R
Low P50 gaters scored significantly higher on every scale of the SCL-90 than the high-gating subgroup. Importantly, in the present study all subjects were carefully screened to rule out clinically relevant psychopathology and a family history of an axis I or II psychiatric disorder. Furthermore, SCL-90-R GSI scores in the low and high P50 suppression subgroups were comparable to the healthy SCL-90-R standardization sample (GSI mean ¼ 0.33, SD ¼ 0.25) (Franke, 1995) , confirming that our study sample does not represent a clinical population. Holstein et al (2011) also reported that low P50 (and PPI) gaters scored higher in most of the SCL-90 scales compared with high gaters, even though these differences did not reach significance in that previous study. In contrast to P50 suppression subgroups, SCL-90 scores did not differ between high and low PPI gating subgroups and were not correlated with PPI levels in the placebo condition. However, low PPI levels were associated with worse executive functioning in healthy subjects in previous studies (Csomor et al, 2008a; Holstein et al, 2011) . The different relationship between these two gating measures and SCL-90 symptom scores might be reflected by the finding that P50 suppression and PPI are not correlated in healthy subjects (Csomor et al, 2008a) , schizophrenia patients (Light and Braff, 2001) , or rodents (de Bruin et al, 2001) . Thus, the present results might indicate that low P50 gating and low PPI gating in healthy subjects might be linked to different psychological processes and traits with low PPI gating being associated with cognitive deficits and low P50 gating with general psychopathology.
Our present findings should be interpreted with the following limitations in mind. The generalizability may be constricted by the use of a single drug dose and the exclusion of women. Therefore, the effects may not be fully comparable to long-term treatment effects in the clinical setting. Furthermore, it has still to be assessed whether the improvement of P50 gating in the low-gating subgroup treated with AAPs is also related to improvements of clinically associated indices. In addition, it is possible that high gaters had such high suppression levels that further increases were not detectable because of ceiling effects. Moreover, drugs of interest and negative controls were not assigned equally to the three study cohorts (eg, cohort 1: 2 AAPs; cohort 3: 2 negative controls). Finally, more recently, genetic differences were reported to be related to low PPI gating levels in healthy subjects (Quednow et al, 2009) and P50 suppression changes induced by nicotine (Millar et al, 2011) and should therefore be considered in future studies.
CONCLUSIONS
In summary, AAPs seem to increase low P50 suppression in healthy human subjects in line with a number of studies on treatment with AAPs in schizophrenia patients. Effects of AAPs on low P50 gaters can be differentiated from the effect on high gaters, and from the effect of negative control treatments in this study. Although low P50 gating seems to be increased by antipsychotic medication in general, low PPI gating might rather capture complex atypical multireceptor mechanisms of antipsychotic compounds. The results regarding psychopathologically associated indices as indexed by the SCL-90-R are of great importance in the context of translational models, as they bridge basic laboratory measures and clinically relevant indices. In potential phase Ib trials, the low-gating subgroup may be considered as a 'surrogate patient group', whose response can be differentiated from the high-gating group. The results might be beneficial for planning phase II/III development plans by providing additional information for critical decision-making processes (eg, in dose finding), while saving both resources and time, as healthy subjects are widely available and compliant. Furthermore, confounding effects of previous medication exposure and the generally nonrandom allocation of patients to treatment regimens are eliminated. Furthermore, low P50 gating and low PPI gating models might reflect differential psychological processes and traits.
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